F ibrinolytic components are associated with not only intravascular fibrinolysis, but also with various reactions in tissues, including ovulation, inflammation, neovascularization, tumor invasion, and tumor metastasis (1) (2) (3) . Plasminogen activators (PA) 3 and their inhibitors have important roles during initiation of the fibrinolytic cascade. Two types of PA are known, the tissue-type (t-PA) and the urokinase-type (u-PA) (4) , and both are glycoproteins that convert the proenzyme plasminogen into the active enzyme plasmin. The PA inhibitors (PAI) are members of the serine protease inhibitor superfamily, and they inhibit PA (5) . PAI-1 appears to be the predominant physiological inhibitor of t-PA and u-PA.
In allergic diseases, tissue remodelings are observed. These changes are characterized by extracellular matrix (ECM) deposition, subepithelial fibrosis, and goblet cell hyperplasia in the airways (6, 7) . It is thought that the fibrinolytic system is involved in ECM deposition and fibrosis in inflammatory tissues. Plasmin degrades fibrin and converts inactive pro-matrix metalloproteinase (MMP) into active MMP. Activated MMP degrades the ECM proteins including collagen, which is the main protein component of fibrotic tissue in the airway (8) .
Fibrinolytic components have been extracted from nasal polyps (9) and the maxillary mucosa of patients with sinusitis (10), and they have been observed immunologically in human nasal mucosa (11) . In addition, we demonstrated previously that expression of u-PA and PAI-1 mRNAs in human nasal tissues with allergy were enhanced, in contrast to those in normal nasal tissues (12) . It was shown that the 4G allele of the PAI-1 gene, which is associated with elevated plasma PAI-1 level, may contribute to the development of allergic disease in humans (13, 14) . Oh et al. (15) reported that up-regulation of PAI-1 synthesis occurs in lung and bronchoalveolar lavage fluids in the OVA-challenged murine asthma model and that PAI-1 promotes ECM deposition in the airways and inhibits the activity of MMPs and plasmin generation. These reports suggested that fibrinolytic components, particularly PAI-1, contribute to the development of allergic disease and changes in the allergic tissue.
To clarify the relationship between fibrinolytic components and the pathology of allergy, particularly in the development of nasal allergy and nasal tissue changes, we made a nasal allergy model with PAI-1 Ϫ/Ϫ mice. In the present study, we used a murine model of allergic rhinitis induced by OVA.
Materials and Methods

Experimental animals and OVA sensitization
C57BL/6J PAI-1 Ϫ/Ϫ and background-matched control mice PAI-1 ϩ/ϩ (wild type; WT) were generated anew by homologous recombination in embryonic stem cells, as described previously (16, 17) . Animals were maintained at the Laboratory of Experimental Medicine (Jichi Medical School, Tochigi, Japan), according to the local guidelines for animal care. Age-matched (8-wk-old, female and male) PAI-1 Ϫ/Ϫ and WT mice were placed in one of two groups: 1) OVA group, which was given OVA sensitization by i.p. injection and then received OVA by intranasal (i.n.) challenge five times a week for 4 wk (PAI-1 Ϫ/Ϫ and WT mice; n ϭ 10 each); and 2) control group, which was given normal saline instead of OVA in the same schedule (PAI-1 Ϫ/Ϫ and WT mice; n ϭ 10 each). Under pathogenfree conditions, mice in the OVA group were sensitized using OVA as follows: 10 g/mouse OVA (Sigma-Aldrich) diluted by sterile normal saline with 1 mg/mouse aluminum hydroxide (Sigma-Aldrich) were administered to unanesthetized mice four times by i.p. injection on days 1, 7, 14, and 21, based on the protocol of Saito et al. (18) . This was followed by i.n. challenge with OVA diluted by sterile normal saline (20 l of 25 mg/ml OVA per mouse), administered five times a week for 4 wk (Fig. 1) .
Nasal symptoms and nasal responsiveness
Nasal symptoms were evaluated by counting the number of sneezes and itching motions (nasal rubbing) for 10 min after OVA i.n. provocation for the OVA group or saline i.n. provocation for the control group at the time points of days 1, 22, and 49.
Nasal responsiveness was also measured by i.n. provocation of histamine as described previously (18) . After nasal challenges with 10 l of serially diluted histamine solutions, sneezes and nasal rubbing were counted, and the time point was noted at which these were significantly higher than those associated with the normal saline control. This was expressed as the limiting concentration of histamine and measured on days 1, 22, and 49.
Tissue preparation and nasal lavage fluid (NLF) collection
At 24 h after the last i.n. provocation with OVA or saline, the mice in each group were anesthetized by i.p. injection of sodium pentobarbital (Somnopentyl; 25 mg/kg; Schering-Plough), and their four limbs were attached tightly to the cork board in a supine position with the neck hyperextended. After tracheotomy was performed in each mouse, a polyethylene catheter (inside diameter, 1.05 mm) connected to a syringe was antidromically inserted intratracheally into the choana. A 1-ml aliquot of PBS at 37°C was injected slowly into each of the nasal cavities, and the perfusate that came out of the anterior nares was collected. In this way, on average, 0.8 ml of NLF was obtained. The NLF was centrifuged (4000 ϫ g, 10 min), and the supernatant was stored at Ϫ80°C until analysis.
After NLF collection, the spleen was aseptically removed from the animal. Subsequently, the mice were killed by exsanguination, and the nasal mucosa of five mice from each group were removed carefully. The nasal mucosa was cut to Ͻ5-mm thickness and placed in 10 vol of RNAlater reagent (RNA stabilization reagent; Qiagen) for subsequent RNA isolation.
For the five remaining mice of each group, perfusion fixation by 4% paraformaldehyde was performed after sacrifice. After fixation, each mouse was decapitated, and then the specimens were decalcified in 10% EDTA for 7 days.
Histopathologic analysis and immunohistochemical staining
The fixed specimens were embedded in paraffin and cut into 5-m-thick sections. The nasal cavity was sectioned transversely at the level of the maxillary sinus. Goblet cells were quantified by the periodic acid-Schiff (PAS) reaction (19, 20) . The degree of goblet cell hyperplasia was assessed by calculating the percentage of the PAS-stained area to the total resorptive epithelium area of the nasal septum. The eosinophils that infiltrated the nasal septum mucosa were counted in Luna-stained sections as described previously (21) . Additionally, the neutrophils that infiltrated nasal septum mucosa were counted in May-Giemsa-stained sections.
For immunohistochemical staining, specimens embedded in paraffin were cut into 5-m-thick sections and floated onto aminoalkylsilanecoated slides (Polysciences). The sections were deparaffinized and rehydrated. After microwave treatment, the sections were treated with 0.3% hydrogen peroxide in methanol for 15 min to inhibit the endogenous peroxidase activity of blood cells and then treated with 1% BSA in PBS (pH 7.4) containing blocking reagent for another 10 min at 25°C. An appropriate nonimmunized serum, either 1% nonimmunized rabbit serum (DakoCytomation) or 5% nonimmunized swine serum (DakoCytomation), was used as the blocking reagent. Goat polyclonal Abs against murine t-PA (Santa Cruz Biotechnology) and u-PA (Santa Cruz Biotechnology) and rabbit polyclonal Ab against murine PAI-1 (Molecular Innovations) were used for the primary Abs. For the purpose of examining subepithelial fibrosis, goat polyclonal Ab against murine collagen type I (Santa Cruz Biotechnology) and rabbit polyclonal Ab against murine collagen type III (LSL Company) were used for the primary Abs. The treated sections were incubated with the primary Abs at the appropriate concentrations (1 g/ml anti-t-PA, 2 g/ml anti-u-PA, 1 g/ml anti-PAI-1, 2 g/ml anti-collagen type I, or 1 g/ml anti-collagen type III) in PBS with 1% BSA for 10 h at 4°C. Rabbit Ab against goat IgG labeled with HRP (DakoCytomation) and swine Ab against rabbit IgG labeled with HRP (DakoCytomation) were used for the secondary Abs. Each sample was washed extensively with PBS containing Triton X-100 and then incubated with the secondary Abs at the appropriate concentrations (2 g/ml anti-goat IgG or 1 g/ml antirabbit IgG Abs) in PBS with 1% BSA for 1 h at 24°C. After washing again, immunoreactive sites were visualized with hydrogen peroxide and diaminobenzidine and then counterstained with hematoxylin. Control sections were incubated with 5 g/ml nonimmune rabbit IgG (DakoCytomation) or 5 g/ml nonimmune goat IgG (DakoCytomation) instead of the primary Abs, respectively.
Real-time RT-PCR
To evaluate the production of fibrinolytic components (t-PA, u-PA, and PAI-1) in nasal mucosa, we examined the presence of mRNA of mouse t-PA, u-PA, and PAI-1 by real-time RT-PCR. The nasal tissues for RNA isolation (20 -30 g) were homogenized, and total RNA was isolated by using the RNeasy Mini kit (Qiagen) as described previously (12, 22, 23) . Total RNA (0.5 g) from each sample was reverse transcribed as described previously (12) . Real-time quantitative PCR was performed using a TaqMan Gold RT-PCR kit (PerkinElmer Applied Biosystems) and an ABI Prism 7700 Sequence Detection System (PerkinElmer Applied Biosystems) (12, 24) . Amplified PCR products were resolved in 2% agarose gels, Table I .
RT-PCR primer and probe sequences for mouse fibrinolytic components and GAPDH
Primer Sequence t-PA Sense: 5Ј-GGCACGACACAATTATTGTCGG-3Ј Antisense: 5Ј-GCTTTCGGTCCTTCATCACATG-3Ј Probe: 5Ј-ATCCAGATGGTGATGCCAGACCTTGGTG-3Ј u-PA Sense: 5Ј-ACCAACAAGGCTTCCAGTGTG-3Ј Antisense: 5Ј-TCAGTGAATTCTCCCCCAACA-3Ј Probe: 5Ј-CAGAAGGCTCTAAGGCCCCGCTTTAAGA-3Ј PAI-1
Sense: 5Ј-ACTGTCCTATCTCAAGGTCCACTGT-3Ј Antisense: 5Ј-TGATCTGTCTATCCGTTGCCC-3Ј Probe: 5Ј-AAATGTCCACCTTGCCCACCTCCA-3Ј GAPDH Sense: 5Ј-ATGGCCTTCCGTGTTCCTA-3Ј Antisense: 5Ј-ATACTTGGCAGGTTTCTCCAGG-3Ј Probe: 5Ј-CCAATGTGTCCGTCGTGGATCTGA-3Ј FIGURE 1. Protocol for OVA sensitization and i.n. challenge. Mice in the OVA groups were sensitized using OVA by i.p. injection on days 1, 7, 14, and 21. This was followed by administering nasal drops containing OVA, five times a week for 4 wk. Mice in the control groups were treated with diluent both during i.p. sensitization and i.n. challenge instead of OVA. Blood samples were collected on days 1, 8, 15, 22, 36, and 49. Nasal symptoms were evaluated by symptom observation (sneezing and nasal rubbing) on days 1, 22, and 49. Nasal responsiveness was also measured by i.n. provocation of histamine on days 1, 22, and 49.
stained with ethidium bromide, and photographed under UV light. The reverse transcriptase enzyme was omitted from the cDNA synthesis for each specimen to serve as a negative control. The respective primers and probes for t-PA (25), u-PA (26), PAI-1 (27) , and GAPDH (28) used in this study were chosen with the assistance of the computer program Primer Express (PerkinElmer Applied Biosystems). We conducted BLASTN searches to confirm the total gene specificity of the nucleotide sequences chosen for the primers and probes and the absence of DNA polymorphisms. Primers were purchased from Invitrogen Life Technologies, and the probes were purchased from PerkinElmer Applied Biosystems. These sequences are listed in Table I .
PAI-1 ELISA and PAI-1 activity assay in NLF
According to the manufacturer's instructions, NLF were assayed for PAI-1 total protein by a sandwich ELISA kit (Molecular Innovations) and analyzed for active PAI-1 by a PAI-1 activity assay kit (Molecular Innovations). The lower limit of detection for both assays was 0.05 ng/ml.
Measurement of OVA-specific IgG1, IgG2a, and IgE levels, and total IgE
OVA-specific IgG1, IgG2a, and IgE levels were measured by ELISA. Blood samples were collected from the tail at the time points of days 1, 8, 15, 22, 36, and 49. The 96-well polystyrene microtiter plates (Nunc) were coated with OVA (5 g/ml) in PBS (pH 7.2) for 24 h at 4°C. Nonspecific sites were blocked with PBS containing 20% skim milk (Difco Laboratories). Serum samples diluted in the blocking buffer (1/800 for IgG1, 1/300 for IgG2a, and 1/10 for IgE Abs) were incubated for 2 h at 24°C. Subsequently, for IgG1 and IgG2a, stock solutions of rabbit anti-mouse IgG1 and IgG2a Abs (Bio-Rad Laboratories) were added, respectively, and incubated for 2 h at 24°C. Bound Ig were detected using either peroxidase-conjugated goat anti-rabbit IgG Ab (2 g/ml) (BioSource International) or goat antimouse IgE Ab (1 g/ml) (Bethyl Laboratories) and ABTS/H 2 O 2 (Kirkegaard & Perry Laboratories) as substrate. OD 405 were measured.
Total IgE Abs were measured by a sandwich ELISA using the mouse IgE ELISA quantitation kit (Bethyl Laboratories) according to the manufacturer's instructions. The enzymatic activity was measured using ABTS/ H 2 O 2 (Kirkegaard & Perry Laboratories) as substrate. OD 405 was measured, and IgE concentrations were determined by interpolation from a standard curve performed with purified mouse IgE.
Proliferation assays
Preparation of splenocytes and proliferation assay were performed as described previously (29) . In brief, the spleen was removed from the animal and then minced and forced through a mesh. After erythrocytes were lysed, the cells were washed and resuspended in the medium, RPMI 1640 (Invitrogen Life Technologies), containing 10% FBS, 20 g/ml penicillin, and 20 g/ml streptomycin. Spleen cells (10 6 /ml, 0.1 ml/well) were plated into 96-well plates and stimulated with PHA (50 g/ml) and OVA (500, 50, 5, and 0.5 g/ml) for 72 h. As the control, cells were incubated with only the medium. Thereafter, cultures were pulsed with 1 Ci/well [ 3 H]thymidine (Amersham Biosciences) for 16 h. Cells were harvested, and their [ 3 H]thymidine uptake was measured by scintillation counting. Proliferative responses were calculated as the means of triplicate wells and were expressed as the stimulation index (SI). A SI of Ͼ2 was considered positive.
Cytokine assays
Spleen cells (10 6 /ml, 1 ml/well) were plated in 24-well plates and stimulated with 50 g/ml OVA. After 48 h, supernatants were taken and stored at Ϫ80°C until analysis. The levels of IL-4, IL-5, and IFN-␥ in the supernatants and NLF were measured by sandwich ELISA using the mouse IL-4, IL-5, and IFN-␥ ELISA Biotrack system kit (Amersham Biosciences) according to the manufacturer's instructions.
As shown in Fig. 2, A and B , nasal symptoms were accelerated significantly in the WT-OVA group. The frequency of sneezes and nasal rubs were 4-fold less in the PAI-1 Ϫ/Ϫ -OVA group than in the WT-OVA group on day 49. The dose of histamine inducing nasal hyperresponsiveness in the PAI-1 Ϫ/Ϫ -OVA group was at least 1000-fold lower than that in the WT-OVA group after OVA challenge (Fig. 2C) .
Immunohistochemical staining of collagen
Immunohistochemistry for collagen types I and III in the WT-OVA group showed strong immunoreactivity in the subepithelial region (Fig. 3, C and H) . Additionally, numerous collagen bundles were observed clearly throughout the interstitial submucosal tissue. In the sections from the other groups of mice, the submucosal tissue only showed weak immunoreactivities for collagen types I and III (Fig. 3, B, D, E, G, I, and J) .
The expression of fibrinolytic components mRNA in nasal mucosa
As shown in Fig. 4A , t-PA mRNA expression significantly decreased in the WT-OVA group compared with that in the WTcontrol group. However, there was no significant difference in t-PA mRNA expression between the PAI-1 Ϫ/Ϫ -OVA group and PAI-1 Ϫ/Ϫ -control group. Interestingly, the level of u-PA mRNA was higher in the WT-OVA group than the WT-control group. Even more notably, in the PAI-1 Ϫ/Ϫ mice, the u-PA level of the OVA sensitization group did not increase, being significantly lower than that in the WT-OVA group (Fig. 4B) . PAI-1 mRNA expression significantly increased in the WT-OVA group compared with that in the WT-control group (Fig. 4C) .
Immunohistochemical staining of fibrinolytic components
In murine nasal mucosa, t-PA-immunoreactive material was localized predominantly in the epithelium (Fig. 5, B-E) . t-PA staining in the epithelium of the WT-OVA mice was weaker than that of the WT-control mice (Fig. 5, B and C) . In contrast, the PAI-1 signal in the submucosal gland of the WT-OVA group was much stronger than that in the WT-control mice (Fig. 5, L and M) . In addition, positive staining of u-PA was noted exclusively in the epithelium and the submucosal glands in the WT-OVA group (Fig.  5, G-J) . These histological data on the fibrinolytic components in the WT-OVA group was almost the same as what was observed in the nasal mucosa of human allergic patients (12) . Surprisingly, the u-PA signal was very weak in PAI-1 Ϫ/Ϫ mice (Fig. 5, I and J).
PAI-1 level and activity in NLF
To examine PAI-1 production and activity in OVA-challenged murine nose, PAI-1 ELISA and PAI-1 activity assay were performed. The level of PAI-1 total protein in the NLF from the WT-OVA group was 5-fold higher than that from the WT-control group (Fig. 6A) . The active PAI-1 in the NLF from the WT-OVA group was 5-fold greater than that from the WT-control group (Fig.  6B) . No active PAI-1 and PAI-1 total protein were detected in the NLF from PAI-1 Ϫ/Ϫ mice after challenge with OVA or saline.
Serum OVA-specific IgG1, IgG2a, and IgE levels, and total IgE
The WT-OVA group developed high levels of specific IgG1 and IgE Abs in sera (Fig. 7, A and C) , and little or no OVA-specific IgG2a production was observed (B). In the PAI-1 Ϫ/Ϫ -OVA group, the levels of specific IgG1 and IgE Abs in sera, although higher than those of the control group, were far less than those in the WT-OVA group. In contrast, only the PAI-1 Ϫ/Ϫ -OVA group had a high serum level of specific IgG2a Ab. The increase of OVAspecific IgE levels was parallel to that in total IgE concentration in mouse sera (Fig. 7D) .
Cytokine profile
To determine whether cytokines were present in the nasal cavity during development of allergy to OVA, we collected NLF from mice in each group and measured the levels of IL-4, IL-5, and IFN-␥. The levels of IL-4 and IL-5 in the NLF from the WT-OVA group were significantly higher than those from the PAI-1 Ϫ/Ϫ -OVA group. Conversely, the NLF from the PAI-1 Ϫ/Ϫ -OVA group contained a higher level of IFN-␥ than those from the WT-OVA group (Table II) . To determine the systemic lymphocyte cytokine secretion profiles, supernatants from cultured lymphocytes stimulated with OVA were harvested and assayed for IL-4, IL-5, and IFN-␥. The lymphocytes from the WT-OVA group produced significantly higher levels of IL-4 and IL-5 compared with those from the PAI-1 Ϫ/Ϫ -OVA group. Conversely, OVA-stimulated cells from the PAI-1 Ϫ/Ϫ -OVA group had a significantly higher level of IFN-␥ than those from the WT-OVA group (Table II) .
Proliferation response
To evaluate the role of T cells in the development of allergy to OVA, we determined the lymphoproliferative response from splenocytes after in vitro stimulations. Spleen cells from mice in the WT-OVA group showed a significant dose-dependent proliferative response to OVA stimulation (Fig. 8) . In particular, when the OVA concentration was Ͼ5 g/ml, the SI in the WT-OVA group was Ͼ2 and significantly increased in comparison with that in the WT-control group ( p Ͻ 0.05). In other groups, including PAI-1 Ϫ/Ϫ mice, the SI did not exceed 2 at any concentration.
Pathological changes in nasal mucosa
We examined goblet cell hyperplasia and eosinophilic infiltration in nasal mucosa to judge whether allergic inflammation occurred in the nasal cavity of mice (Fig. 9) . The examination of PASstained sections revealed that the Ag challenge in the WT-OVA group induced a marked goblet cell hyperplasia in the resorptive epithelium of the nasal cavity (Fig. 9, A and B) . Hyperplasia in the WT-OVA group was more outstanding than that in the PAI-1 Ϫ/Ϫ -OVA group (Fig. 9, C and D) . The number of eosinophils infiltrating the nasal septum mucosa was 30-fold less in the PAI-1 Ϫ/Ϫ -OVA group than in the WT-OVA group (Fig. 9, E-H) . In contrast, only a few neutrophils infiltrated the nasal septum mucosa, and there was no significant difference between each group in the number. The quantification data of goblet cell hyperplasia and cellular infiltration are shown in Table III .
Discussion
The PA-plasmin system plays an important role in inflammation as well as intravascular fibrinolysis. Inflammation in diseases such as allergy consists of various phases, cellular infiltration, fibrosis, edema, and tissue remodeling. Although the effects of fibrinolytic components in allergy are still obscure, we can assume that these components may be significant factors in each phase of allergy, because previous studies have shown the involvement of the PAplasmin system in each phenomenon of inflammation (2, 12, 30) .
In this study, we demonstrated that WT mice can develop nasal allergy for OVA, but the PAI-1 Ϫ mice cannot. The clinical symptoms of allergy in our system were defined to be sneezing and nasal rubbing. As shown in Fig. 2 , local administration of OVA induced allergic symptoms in sensitized mice.
Previous studies have shown subepithelial depositions of collagen types I and III in bronchial biopsy specimens of asthma patients and allergic nasal mucosa that correlate with airway hyperresponsiveness (31, 32) . As shown in Fig. 3 , excess amounts of brown-stained type I and type III collagen are found in the nasal mucosa obtained from OVA-challenged WT mice in our system. In contrast, the collagen deposition in the nasal mucosa from OVA-challenged PAI-1 Ϫ/Ϫ mice appeared less significant than that in the OVA-challenged WT mice. Interestingly, in this mouse model, at the local sensitization termination point (day 49), nasal sensitivity not only to histamine but also to OVA correlates with the accumulation of collagen (Fig. 2) . Using WT and PAI-1 Ϫ/Ϫ mice, Hattori et al. (33) in the bleomycin-induced pulmonary fibrosis model and Oh et al. (15) in the OVA-induced asthma model observed the similar effect of PAI-1 on excess fibrous material accumulation in mouse lung tissues. PAI-1 is the primary physiological inhibitor of both u-PA and t-PA. PA converts the inactive proenzyme plasminogen to plasmin, a protease of fairly broad substrate specificity, and then plasmin and metalloprotease activated by plasmin are supposed to play a central role in the concerted immune response of the cell to degrade matrix proteins and cross tissue planes (15) . We thus examined the effect of PAI-1 deficiency on the production of PA in mouse nasal mucosa. As shown in Fig. 4 , u-PA and PAI-1 mRNA levels of the WT-OVA group were significantly higher than those of the control mice group. However, the t-PA mRNA was significantly down-regulated. In contrast, the t-PA mRNA level in PAI-1 Ϫ/Ϫ mice was not significantly different between the OVA-sensitized group and the nonsensitized control group. The u-PA mRNA level of PAI-1 Ϫ/Ϫ -OVA mice was significantly lower than that of WT-OVA mice. 
The PAI-1 Ϫ/Ϫ mice definitely had a lower level of u-PA mRNA, because this was also confirmed by the immunostaining study on the nasal mucosa (Fig. 5) . However, the net PA activity in PAI-1 Ϫ/Ϫ mice should not be lower than that in WT mice, because there was almost no inhibitor of u-PA in PAI-1 Ϫ/Ϫ mice, and PAI-1 mRNA and protein were significantly increased in WT-OVA mice. In addition, in WT-OVA mice, active PAI-1 levels, meaning the residual antiproteolytic activity of PAI-1 after interaction with PA, were also higher than those in the saline-challenged mice (Fig.  6B ). In the nasal septum, there was a small number of mast cells, which were suggested as PAI-1 source in asthma (34) , and neutrophils; we could not find any significant difference in the number of these cells among the WT-OVA mice and other genotypes of mice (Table III) . Although many cytokines, released from white blood cells, would be involved in the up-regulation of the PAI-1 production, the main source of PAI-1 may be the nasal submucosal gland, as shown in Fig. 5M . Taken together, these observations would suggest that inhibition of proteolytic activity by abnormal induction of PAI-1 decreases the MMP activation and collagen removal in allergic rhinitis. In this scenario, however, PAI-1 plays rather a secondary role. Is there another possible mechanism in which PAI-1 may have a major role in promoting collagen deposition? In type I allergy, including allergic rhinitis, increased serum IgE is characteristic of the immune reaction after exposure to an Ag. In mice, the Th2 response results in IgG1 and IgE production, whereas the Th1 response leads to IgG2a synthesis (35) . Allergic rhinitis is hence considered to be a result of Th2 cell activation. The significantly increased productions of IgE and IgG1 and the low levels of IgG2a in WT-OVA mice immunized and challenged with OVA (Fig. 7, A-C) implicated the Th2 response against this allergen. In contrast, high levels of specific IgG1 and IgE were nearly absent in PAI-1 Ϫ/Ϫ -OVA mice. Conversely, only the PAI-1 Ϫ/Ϫ -OVA group showed a significant increase in the level of specific IgG2a. Thus, these results indicate that down-regulation of the Th2 immune response in PAI-1 Ϫ/Ϫ mice brings about an inappropriate overactivation of the Th1 immune response to the Ag, which would otherwise induce the Th2 response instead. Considering the importance of the Th2 phenotype for development of fibrotic pulmonary and extrapulmonary complications (36) , it is possible that the Th2 phenotype itself would promote collagen deposition in the WT compared with PAI-1 Ϫ/Ϫ mice. The change of immune responsiveness in PAI-1 Ϫ/Ϫ mice was also confirmed in the cytokine profiles of the NLF (local) and the supernatant of the cultured lymphocytes of the spleen (systemic) from mice challenged by OVA. The levels of IL-4 and IL-5 in the supernatant of OVA-stimulated lymphocyte cultures from WT-OVA mice were 10 -20 times higher than those from PAI-1 Ϫ/Ϫ -OVA mice. OVAstimulated cells from PAI-1 Ϫ/Ϫ -OVA mice had a 100-fold higher level of IFN-␥ than those from WT-OVA mice. The tendencies of these cytokine profiles were also reflected in the splenocyte proliferation assay from the conditioned mice (Fig. 8) . These results show that the sensitized group exhibited each immune reaction not only locally but also systemically, explaining the high level of IgE in the WT-OVA mice. The high level of IL-4 would induce highlevel Ab production, including IgE as described previously (37, 38) , in the nasal cavity, thereby contributing to the immediate-type allergic reaction after Ag inhalation. In contrast, IL-5 has highly specific effects on eosinophilic proliferation, migration, activation, and survival (39, 40) . The high level of IL-5 would be responsible for the infiltration of eosinophils into the nasal mucosa (Fig. 9F) . As for the hyperplasia of goblet cells in sensitized mice (Fig. 9B) , a similar tissue change is observed in human allergic rhinitis (12) . Surprisingly, in PAI-1 Ϫ/Ϫ -OVA mice, however, there was almost none of these mucosal changes (Fig. 9, D and H) .
These histological data and cytokine profiles indicated that mice deficient in PAI-1 fail to generate the Th2 immune response to OVA challenge. Gyetko et al. (41, 42) have reported that u-PA is required to generate both the Th1 and Th2 immune responses to infection. Does this mean that down-regulation of the Th2 immune response in PAI-1 Ϫ/Ϫ mice was induced through a low level of u-PA? This seems unlikely, because although the PAI-1 Ϫ/Ϫ mice had a lower level of u-PA message than WT mice, the u-PA activity in PAI-1 Ϫ/Ϫ mice should be higher than that in WT mice as described above. PAI-1 works not only as a serine protease inhibitor to prevent the ECM degradation, but acts as a de-adhesion molecule to detach cells attached to vitronectin via integrins (43) . In addition, the de-adhesive activity of PAI-1 does not require its interaction with vitronectin. However, there is an absolute requirement for its binding to uPA. Free u-PA or PAI-1 with vitronectin has only weak detachment activity (44) . The loss of detachment activity in PAI-1 Ϫ/Ϫ mice might explain the inhibition of cell movement, including eosinophil infiltration. This detachment profile may change the signal transduction of leukocytes through cellto-cell and cell-to-ligand interactions. Many reports suggest that malignant cells expressing more PAI-1 can metastasize more efficiently than tumors with less PAI-1 production (1). In addition, there are clinical reports that higher level of active PAI-1 in plasma due to the 4G/5G polymorphism of the PAI-1 gene is related closely to allergic disease (45) (46) (47) . These reports, in conjunction with our study, support that PAI-1 is a rather critical regulator of some immune response for Ag stimulation. Observing the similar PAI-1-dependent deposition of collagen in the lung, Oh et al. (15) reported no significant difference in the numbers of peribronchial eosinophils and goblet cells and OVA-specific IgE levels after OVA challenge. There are differences in the target organ (the lung in the study by Oh et al. (15) and the nose in our study), in frequency of immunization with OVA (two to four times for 3 wk), in challenge frequency (three to five times a week for 4 wk), and in the area of lavage fluid collection (lung and nose). We do not know the exact reason for the discrepancy between their observation and ours. However, there may be differences in receptor and ligand distribution between the upper and lower airways and in the specificity of lavage fluid collection (48) , because the numbers of eosinophils and goblet cells as well as OVA-specific IgE were more greatly increased in the OVA-challenged PAI-1 Ϫ/Ϫ mice than in the saline-challenged control, although the levels were significantly lower than those in OVA-challenged WT mice in our system.
In summary, we show that allergic rhinitis is restrained in OVA sensitization of PAI-1-deficient mice, and the immune response characteristics tend to shift from a Th2-dominant reaction to a Th1-dominant reaction. These findings, with other previous works, demonstrate that fibrinolytic components including PAI-1 play an important role not only in thrombolysis and proteolysis, but also in the immune response by changing the balance between the Th2 reaction and the Th1 reaction. 
